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ABSTRACT 

An invcstinaUon was concluded to develop and explore potential improvements pro- 
viflrd l)y a Mniti-I’oint Method (MI’M) over the traditional StandiiiR Wave Method (SWM) 
ami 'I'wo-Mirrophone Method (TMM) for determining acoustic impedance. A wave prop- 
agation moch'l, which includes wall absorption and mean How, was dev«'loped to model the 
statiding wave pattern in an ifnpc;dance tube. The rellc'c.tion factor and acoustic impedance 
of a test specimen were calculated from a ‘best’ fit of this standing wave pattern to the 
point pressure measuretnents. Data was accpiired with ifO test samples chosen to cover 
the reflection factor magnitude range from 0.004 to 0.999. A probe microphone was used 
to ol)tain 2 to 0 pressure mciasuremcnts per half-wavelength of the standing wave, along 
the cetiterline of the impedance ttilie. 1'hree spacing distribution were examined; uniform, 
ratidom arid selective?. 

Standing wave patterns calculated using the propagation model for all three spacing 
<listril)utions match the point pressure measurements with good to excellent agreement over 
the entire reflcjction factor magnitude range investigated. The uniform spacing distribution 
was preferred, however, since it was the easiest to implement and provided extremely 
consistent and repeatable results. Comparisons of the acoustic impedance determined using 
2, 3, (), and 18 measurement points showed that, while two points are generally sufficient 
for repeatable measurements, the most consistent results are obtained when using at least 
six pressure measurements at points evenly spaced over a distance of one half-wavelength. 

'I'he effects of turbulent mean flow noise contamination on the MPM were simulated 
by adding a broadband noise source to the discrete frequency source. Data were acquired 
at uniformly distributed points and impedances were calculated using the MPM and TMM 
algorithtris. The results from these two algorithms were then compared with a reference 
set of MPM residts obtained with only the discrete frequency source activated. The MPM 
results were fomul to converge to the reference results with fewer averages than the TMM 
restilts. 'Phis obscirvation indicates that the MPM will be superior to the TMM in the 
presence of signilicant broadband noise levels associated with mean How. 





INTRODUCTION 


'Flic SlandiiiR Wavr Method for determining normal incidence acoustic impedance has 
long been acclaimed as the standard procedure for laboratory applications. The method 
relies on the fact that there is a unique relationship between the standing wave parameters 
and the test specimen impeda/ice. The standing wave parameter mcrasurements - standing 
wave ratio (SWR) and null locations - are simple to measure, but are tedious if done 
manually. The availability of mini-computers inade possible a degree of automation of the 
SWM by implementing a computer controlled, systematic search for the standing wave 
parameters. This search procedure, however, required many probe movements and was 
still time consuming, especially if impedances at many frequencies were desired. 

Over the last 15 to 20 years much effort has been directed toward the development 
of more efficient methods for determining acoustic impedance. Generally, these methods 
rely on amplitude and phase information obtained at two or more locations in the stand- 
ing wave field. Kathuriya and Munjal [2, 3] were among the first to adopt a faster, but 
somewhat less accurate, impedance measurement procedure in which three, fixed location 
pressure measurements ;are used to approximate the standing wave pattern with a ‘graph- 
ical least squares’ approach. Soon thereafter, several investigations were conducted with 
only two fixed location measurements, involving both pressure amplitude and phase at 
each frequency of interest. This method, called the Two-Microphone Method (TMM), is 
essentially a two parameter fit of the wave propagation morlel to the standing wave pat- 
tern. 'I'his method is based on a transfer function measurement between two points in 
the acoustic field and thus incorporates both amplitude and phase information. In actual 
|)ractice, the most efficient usage of the TMM makes use. of a broadband noise source [d-6] 
to simultaneously determine impedances over an entire frequency range. 

'Phe transfer function measurements can be obtained at each frequency of interest 
using a discrete fre<iuency source under corrqiuter control or with a broadband .source 
using fast Kourier transform analyzers. 'Phe convenience of the broadband source arises 
from the ability of fast Fourier transform analyzers to process broadband signals very 
rapidly. However, the control of the spectrum level versus freiiuency is generally limited. 
Thus, for a given power handling capability, the maximum narrow band levels are often too 
low in some regions of the spectrum. A discrete frequency source, however, allows precise 
control of the amplitude at each frequency of interest [7], permitting a greater dynamic 
range to be achieviul uniformly across the frequency range of interest. Thus, there are times 
when discrete frequency excitation is desirable; such as detecting the onset of test specimen 
nonlinearity with amplitude, where a large dynamic range is needed, and in the presence 
of mean flow when contaminating effects of broadband flow noise may be intolerable. On 
the other hand, the TMM with a discrete frequency source requires computations to be 
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(•on(lu( (.o{| separafriy a(. oarli frequency of interest and, hence, increases the testing time. 

Tlie 'FMM is subject to two major systematic errors. One systematic error occurs 
wIkui the microphone separation is near one half-wavelength. 'I’he other is associated witli 
amplitude and phase measurement errors. Kor example, to achieve impedance measure- 
nuuit accuracies within microphone calibration errors must not exceed 0.1 dI3 and 
l.O" in amplitude and phase, respectively. The need for such precision calibration can be 
eliminated using a technique introduced by Chung and Pope |8], in which measurements 
made with one orientation are repeated with the microphones (and all related circuitry) 
switched. Another way to avoid the need for precision calibration and microphone spacing 
(half-wavelength) is to use a discrete frequency acoustic excitation and sequentially posi- 
tion a single microphone at pre-selected locations. Such sequential probe positioning can 
easily be accomplished under computer control. In fact, a control program can be imple- 
mented to sample the standing wave pattern at any number of points desired. Although 
the measurement time increases with the number of points sampled, both systematic and 
random errors should decrease. 

1'he |)urpose of this investigation is to develop and explore the potential improve- 
ments in accuracy, precision and measurement efliciency provided by a Multi-Point Method 
(Mf’M), in which from 2 to G pre.ssure measurements per half-wavelength are acquired with 
a prolu^ microphomi sequentially positioned along the. centerline of the impedance tube. 
A wav(! propagation model describing the standing wave pattern, including effects of tube 
wall absorption and mean flow, allows reconstruction of the standing wave pattern. The 
reflection factor and, hence, the acoustic impedance of the test specimen are then deter- 
mined. fn contrast, the 'PMM is a deterministic approach in which two measurements are 
used to determine the s|)ecimen impedance. Olearly, the two methods should agree when 
the number of measurement points in the MPM is reduced to two. Measurements were 
cofiducU'd on .‘10 l,(!st samples chosen to cov<*r the reflection factor magnitude (RFM) range 
from O.OO'l to O.onO in order to exercise the MPM in a thorough manner. 

'I'Im! effect of mean flow was simulated by superimposing broadband noise on the 
acoustic field generated with a discrete frequency sotirce. It is well documented [.3, 4, 7| that 
the addition of mean flow complicates impedance measurements dramatically. Not only 
can the mean flow change the impedance of the test specimen, it can also cause additional 
systematic and random errors in the measurement process. With this in mind, the present 
MPM is developed with mean flow and wall absorption included in the math propagation 
model. Also, to insure that the actual mean flow speed experienced by the propagating 
sound is used in the algorithm, an iterative scheme is employed to ‘adjust’ the initial 
estimate of mean flow speed to a value that will optimize the model fit. The same procedure 
is employed to adjust theoretical estimates of ttd>e wall absorption. Essentially, as in the 
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no-flow case, tho reconstructed standing wave pattern is compared to the measurement 
data in a least square sense, and the mean flow speed and tube wall absorption are varied 
slightly to optimize the matching of the propagation model to the measurement data. As 
a result of these iterative procedures, it is expected that this method will maintain a level 
of accuracy in the flow regime comparable to that in the no-flow regime. 

To determine the effect of measurement point spacing on the measured Impedance 
values, three spacings were investigated. These consisted of uniform spacing, random 
spacing and selective spacing. All of the samples were tested using all three measurement 
point spacing procedures. 


ANALYSIS 

The Multi-Point Method (MPM) presented in this report combines the strengths of 
the Standing Wave Method (SWM) and the Two-Microphone Method (TMM) while avoid- 
ing some of their inherent weaknes.ses. The SWM is generally used as a standard against 
which to compare the accuracy of any new technique, since it involves direct measurement 
of standing wave ratios and null positions of the standing wave pattern. This procedure 
is illustrated graphically in Fig. 1. The TMM uses the complex ratio of the acoustic pres- 
stires at two locations in the standing wave pattern (i.e., the transfer function) to directly 
compute the impedance, so that the measurement process can be accomplished without 
physical movement of the hardware. Major disadvantages of the TMM are; (1 ) requirement 
of precise physical positioning and amplitude/phase calibrations, and (2) systematic er- 
rors associated with spatial separations near one half-wavelength. The MPM avoids these 
disadvantages by employing a least squares fitting technique to fit a wave propagation 
model to the point measurements. This procedure should exhibit uniform accuracy for all 
wavelengths of interest. 

'I'he pressure distribiitioti for a plane wave propagating in a tube is given by 

p. ,,, \p.f.'V^T, , ( 1 ) 

where I’j is tin* com|)lex j)ressure (amplitude and phase) measured at positions xy, and I\ 
and I’r Jire tlu' incident and reflected pressures, respectively. 'I’he incident and reflected 
plane wav<! pro(>agation constants, I’,- and IV, are defined as 
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In tlioso relations w represents the angular frequency, c< is the sound speed in the tube, 
and M is the mean flow Mach number taken to be positive in the ( | ) coordinate direction. 

Ingard and Singhal [9| estimate the incident and reflected tube wall absorption coef- 
ficients which include the effects of mean flow, in the following manner: 
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'rhe quantities P„ and pi account for viscotherma! and turbulence dissipation of acoustic 
energy at the tube walls and are calculated as follows: 
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where 7 represents the specific heat ratio at constant density and volume, p and p, are the 
density and viscosity of the fluid, k is the heat conduction coefficient, and Cj, is the specific 
heat at a constant pressure. The ratio of the duct area to the periTiieter is and r/’ is 
the coefficierit of friction for turbident flow [l()|, which is calculated numerically from the 
I’randtl universal resistance law 
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where' lie is the flow Reynolds number. 

'I’he propagation model given by equation (1) can be fitted to a distribution of N 
measured pressures, Pj, by minimizing the function 
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wlu'rc l.ho harmonic time dependence (c has been suppressed. To minimize F{Pi,Pr) 
the following conditions are imposed: 
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Stibstitution of equation (11) into equations (12) and (13) and solving for the incident and 
reflected pressures yields 
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In order tositnpllfy the physical description of the standing wave consider the reflection 
factor, P.F, given by 

«/•’ (17) 

/ t 

Kinally, the acoustic impedance, <, at the face of the specimen is given by the relation 
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A check on the accuracy of BF can be obtained by comparing the. reconstructed standing 
wave pattern calculated from the Pj measurements with the directly measured standing 
wave pattern. 



Impedance Tube Description 

'I'Ih! Multi-l*oint Method (MPM) described in the ANALYSIS section was imple- 
?iiented in a scjuare cross-s(!ction (5.0S cm by r».()S cm) impedance tube. A photograph of 
the tube is showti in Fig. 2, and a schematic illustrating the apparatus in more detail is 
shown in Fig. .T. The tube is 58.-1 cm in length. Two 75-watt, phase matched acoustic 
drivers generate signals over a frequency range of 0.3 to 3.0 kHz, with SPL’s up to 140 dB 
at the test specimen surface. The test specimen is carefully clamped to the exit plane 
of the impedance tube with the aid of a rubber gasket. The geometry of the appara- 
tus is such that plane waves propagate down the tube to the face of the test specimen. 
These |>lane waves are reflected by the test specimen and create a standing wave pattern 
that unitpiely characterizes the normal incidence acoustic Impedance of the specimen. An 
().035-crn condenser-type microphone. Hush mounted in the top wall 0.635 cm from the 
test specimen face, is used to measure the reference levels to Insure that the desired test 
environment is present. A traversing microphone probe can be positioned at the centerline 
over approximately 28.8 cm of the tube length to acquire acoustic pressure data along the 
standing wave. 


Traversing f’robe Description 

'I’o accurately tneasure ‘point’ pre.ssures in a standing wave field by means of a probe 
tube, spurious sound arising from transmission through the probe tube walls must be 
minimized. Tln^ traversing probe (Fig. 4) was fabricated from a 83.82-crn long stainless 
ste<d tube with outer and inner diameters of 0.16 and 0.08 cm, respectively. The probe 
was coupled to an 1.27-cm condenser-type microphone via a flexible tube, and could be 
positioned within 0.025 mm of the specified location. The four 0.071-cm-diameter probe 
tube ports, e(|ua.lly spaced around the probe in a single nieasureiTient plane located 1.42 cm 
from l.he probe tip, could b(> positioned over a range of 1.78 to 30.58 cm from the test 
specimen face. 

'I’o fletermine the (dfects of transtnission througli the probe walls, measurements were 
taken with the probe ports located in a deep null produced by a nearly perfect reflector 
(sU'el plate). Since the ports were located in the plane of a deep null, any .sound trans- 
mission through the |>robe tube walls would tend to increase the apparent signal level at 
the null locations and, thus, decrease the dynamic range of the measurement system. The 
measurement was conducted at a high amplitude (approximately 130 dB) for six frequen- 
cies from 0.5 to 3.0 kHz. Measurements were conducted with the ports open and closed 
(multiple layers of tape used to seal measurement ports). The effects of wall transmission 
on the probe performance were determined from the ratio of the open-port to closed-port 



response. The results of this inea.su renient are illustrated in Fig. T), in which the ratio of 
th<f open-port probe response to the clo.sed-port response is plotted in dB versus frequency. 
Since the open-port response is at least 32 dB above that of the closed-port response, it 
is clear that cotitaininating elfects diie to sound transmission through the tube walls are 
negligible over the fre(|uency range of interest. 

Instrumentation 

A block diagram of the signal conditioning instrumentation and data processing sys- 
tem for the acoustic signals is shown in Fig. 6. At each test frequency, an SPL was set 
at the reference microphone via a computer-controlled frequency synthesizer. Acoustic 
I>re.ssures were then obtained at a number of axial locations. These axial pressures were 
then inserted as Py into the appropriate expressions in equation (1(5) in order to compute 
the incident and reflected pressure levels, as given in equations (14) and (15). The re- 
flection factor and acoustic impedance of the test specimen were then computed at the 
test frequency using equations (17) and (18). Contributions from broadband noise were 
minimized by band-pass filtering and signal enhancement. The amplitude and phase of 
the excitation frequency were obtained with an on-line fast Fourier transform routine. 

Measurement Point Distributions 

In order to determine the optimum distribtjtion (spacing and number) of measurement 
points over the standing wave pattern, three distribution were examined. The distributions 
chosen were (1) uniform spacing, (2) random spacing, and (3) selective spacing based 
on location of maxima and minima of the standing wave pattern. 'The uniform spacing 
distribution is the simplest to implement. However, it may not yield the most uniform 
accuracy over a wide range of wavelengths and test specimen rellection factors. Since 
such uniform accuracy is a desirable goal, the other two more complex measurement point 
distributions were also investigated. 

'riie uniform spacing distribution was employed to obtain data for all of the available 
test specimens. 'I’he goal was to obtain 6 uniformly spaced points per half-wavelength 
(maximum of .3 half-wavelengths) in order to obtain an accurate least squares curve fit. 
Since the wavelengths associated with the lower frecpiencies are greater than the available 
axial tneasurernent range, a minimum of !() <lata points (uniformly distributed over the 
availabl(! range) was used. The usage of more than two points per half-wavelength also 
avoids the ill-conditioned solution for the. reflection factor, via e<piation (1), which occurs 
when only two measurement points are useil that are near one half-wavelength apart. 

Ift a. similar fnamier, acou.stir impedances were obtained using randomly selected mea- 
surement locations. Again, the total number of data points ranged from 10 to 18. Also, 
for this spacing distribution an additional constraint was imposed such that at least two 


7 



ni(:;i.suromoMl..s [kt wnvrlrngUi worn taken. In jjther words, oacli half-wavdengtli was 
divided into 3 equal segments, and a random niimher generator was used to determine two 
rneastirement locations within each segment. 

'Pile selective spacing distribution was the same as the tiniform spacing distribution, 
with additional flata acquired at each peak and null encountered in the standing wave 
|)attern. It was expected that significant data quality improvement could be obtained 
by including measurements at pressure nulls, which tend to be very sharp and deep for 
specimens with large reflection factor magnitudes (e.g., steel). In the present configuration, 
selective spacing has two limitations; (1) spatial resolution due to the finite area of the 
probe ports, and (2) finite step size in the search procedure algorithm. Due to these 
limitations, null locations may not have been located as precisely as intended. In fact, 
when the standing wave tiull is very sharp, data acquired in these sensitive regions may 
acttially degrade the accuracy of the overall results. 

Irn|)edance Measiirement Validation Range 

'Phe 30 different test specimens included mostly resonant type absorbers, whose struc- 
tural features differ in detail to cover a wide range of reflection factor magnitudes (0.004 
• : K FM < 0.999). To obtain the smallest possible RKM, a foam wedge was used, whereas 
the large RFM’s were obtained with a steel specimen. 'Phe intermediate range of RFM’s 
was obtained via ceramic honeycomb, a rigid structure of isolated, small diameter parallel 
channels which provided a very stable and linear impedance. This variety of test speci- 
mens allowed the |)ropagation model, described in the ANALYSIS section, to be exercised 
for a wide range of im|)edances. Obviously, if the impedance values obtained using the 
MI’M ar<! shown to be repeatable, consistent, and converge unifortnly to previous results 
obtained by other methods, the MI’M will be validated. 

Simulated Flow Noise Effects 

In some ap|)lications, acoustic im|)edance measurements are necessary in the presence 
of mean flow. 'Phe presence of mean flow will temi to exaggerate differences in the measured 
lm|)edance using the different spacing distributions. Thus, it is of interest to determine 
the effect of flow noise on the accuracy of the MPM. Mean flow effects on impedance 
mcvisunmients can be identified either as intrinsic changes in the test specimen impedance 
due to the mean flow or as a deleterious effect on the measurement process itself, such as 
the increased background noise level generated by flow turbulence. It is critically impor- 
tant that the two effects be separated. Many materials exhibit nonlinear behavior in the 
presence of mean flow, which causes changes in the acoustic, impedance of a test specimen 

|n-n|. 
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In Uiis invrsURation, tho noiso conl.atninaUon aspects of turbulent flow were simulated 
on three .speclmetis that exhibited linear beliavior over the Sl’L rajige available in the 
test apparatus. '^I'he three test specimens investigated (steel, foam wedge and ceramic 
honeycomb) were chosen to study the effect of simulated flow noise on the measurement 
process over a large RFM range. A series of tests were conducted in which a broadband 
fir)ise background was introduced to ‘contaminate’ the discrete test frequencies. This was 
accomplished by e.xciting one of the two drivers with signals from a broadband noise 
generator. The discrete frequency standing wave pattern was then extracted from the 
combined response by using an ensemble averaging technique, and the acoustic impedances 
were determined with the MPM. 


RESULTS AND DISCUSSION 

In this .section the terms ac.otjstic. impedance, reflection factor, and standing wave ratio 
are userl somewhat interc.hatigeably. This is due to the fact that the three parameters are 
directly related. As will be seen in the discussion, certain topics can .be more conveniently 
described in terms of a particular choice of one of these parameters. 

Curve-Fitting Comparison 

Fig. 7 depicts Sl’L and phase distributions versus axial distance. The.se data were 
ac<|uired by applying each of the three measurement point spacing <iistributions to three 
test spic.imens whose SWR’s varied from 0.2 to dO dll (0.001 • RI'M ^ 0.999). Fig. 7(a) 
shows results for an intermediate SWR range, and Figs. 7(b) and 7(c) show results for 
large and small SWR’s, respectively. 'Phe measured values are represented by the circles 
and the solid line represents the least scpiares wave propagation model fit to the data. The 
same test frequency of 2 kHz is shown for all three test specimens. 'Pin* results are plotted 
from X - - '10.. 'j to ;r 0 cm, with the specimen placed at x 0 cm and the upstream 
source located at about .r Gil. 5 cm. 

Fig. 7(a) demonstrates the ability of the three measuretiient point distributions to 
reconstruct the standing wave pattern characteristic of a sample with a 10 dH SWR, (RFM 
near 0..'i). For samples of this type, the three measurement point distributions provide 
nearly identical resnits. 'Phese results were re|)eatable for virtually all of the samples with 
SWR’s betwecMi about I and 25 dH. This was expected, since the discrete frequency sound 
source was very stable and a sizable number of averages (.'>00) were iised to determine the 
acoustic pressure at each position. This number of averages was not ncce.ssary to attain 
accei)table results (and thus, a good signal-to-noise ratio), but was used because of the 
convenience and speed of the data acquisition system. 
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l''iK. 7(b) sliows l,h(? mojistructed .standing wave pattern for a. steel sample charac- 
terized by large .SWFl’s ranging from 30 to dO dB (RFM near 1.0). Again, both the SPL 
and pha.se match almost all of the data points accurately. Somewhat surprisingly, the 
uniform spacing distribution provides a more typical representation of the standing wave, 
pattern (nulls grfulually increase as sound propagates away from the face of the specimen) 
than does the selective spacing distribution. 'Phis may be due, in part, to the difficulty of 
acttially locating and measuring the absolute minima with the selective spacing distribu- 
tion, as discussed previously.- Overall, the three curves appear quite similar and, as will be 
discussed later, provide nearly identical rellection factors. 

I''ig. 7(c) shows results acquired with a foam wedge test si)ecirnen characterized by 
very low .SWR’.s of about ().‘2 dB (RFM of 0.0(H). This specimen was chosen to exercise the 
MPM at small RFM’s. Contrary to the resiilts from samples with larger RFM’s the math 
mod<!l least s<iuares fit procedure does not fit the amplitude data as well, in contrast with 
the phase data, which is still described very well by the math model. This degradation 
of the amplitude fit is believed due to numerical problems associated with small reflected 
wave amplitudes. However, the overall quality is still good (see Fig. 8(b)) in that the 
<leviations between the measured data and the curve fit arc no more than about 0.05 dB 
for any of the measurement point distributions. Also, it should be noted that curve fits to 
each set of phase data, are consistent from one s|)acing distribution to the other. 

Comparison of MBM with TMM and HWM 

A (Pirec.t comparison of the MBM with the TMM can be obtained by computing the 
imp<’dance using the TMM algorithm on any siibset of two measurement points of the MPM 
data for a given sample. Fig. 8 depicts acoustic impedances (resistance and reactance) 
ac.(|uired from uniform, random Jiiid selective spacing distributions, ft also includes results 
obtained via the 'I'MM algorithm from the two uniform spacing measurement points nearest 
the test specimen (denoted with diamonds). These measurement points were chosen to 
avoid th<’ ill-conditioning which occurs in the 'I'MM algorithm for spacings near one half- 
wavelength. 'ry()ical results are showti from each of six types of test specimens to fully 
d<’monstrate the Mf’M capabilities. In addition. Fig. 8(f) includes results which had been 
obtaiiH’d earlier with the SWM (denoted with x’s). 

Highly reflective materials are often chosen to simulate, ground surfaces in scale model 
propagation studies |13|. When studying materials which have rather large SWR’s it is 
generally more meaningful to comi)are results based on the reflection factor. 'Phis is illu.s- 
trated in Fig. 8(a) for a steel specimen, in which both the reflection factor and impedance 
corni)arisons ar<i included. As seen in this figure, highly reflective materials generally pro- 
duce significant scatten on an acoustic impedance plot, while converging quite well when 
depicted in the rellection factor regime. On the other hand, materials with SWR’s less than 
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ahoiil. 25 (in I, (Mid to he less s(Misit,iv(' l,o small rliariRcs in Uu' standing wavo param(;t.ors 
and, luMirt!, can l>o compared very well on the basis of acoustic im])edance (e.g. Fig. 8(b)). 

Fig. 8(c-f) depicts n’snits obtained with samples with moderate R h'M values of 0.1 to 
0.9. For these case's it is expected that the acoustic impedance results should be consistent 
from one method to another. However, there are detectable di [Terences between the results 
from each of the .spacing distributions and the results from TMM code. Fig. 8(c) shows 
some of the best run-to-run consistency, obtained with a ceramic honeycomb sample. These 
results indicate that all three m(’asurement j)oint distribution schemes of the MPM and 
the 1’MM results are about equally reliable for ‘well behaved’ test specimens over a large 
range of impedance values. This is not surprising, since the clamping arrangement for this 
specimen was very repeatable and the ceramic honeycomb is a stable, linear material. 

Since the results for tlie 1'MM were obtained using a two-{)oint subset of data obtained 
with the uniform spacing distribution, the good comparison between the TMM and the 
MF’M (uniform spacing) indicates that the MPM does not degrade the results. This 
observation .sugg('sts that the MPM may be a superoir method for the measurement of 
acoustic impedance lu'cause it avoids the ill-conditioning problems associated with the 
TMM method. 'The ob.served variance betweiui the uniform spacing r(\sults and the other 
two spacing distributions suggests the possibility of an optimum spacing distribution. To 
determine the b(’st of the three spacing distributions in this investigation, an additional 
data set was included on Fig. 8(f), which was taken using the SWM. This data was acquired 
over a reduced frequency range since the previously acquired SWM data was taken over 
that range. The results were found to track the results of the uniform spacing distribution 
and the TMM (juite well, indicating that the uniform spacing distribution is the best of 
the three ineasurenuMit point distributions studied in this exj)eriment. 

Overall, all thrc'e of the spacing distributions provided the same general trends. Then'- 
fore, the choice of a sfjacing distribution should not be an overriding concern unless ex- 
treiiK'ly accurate data is r(*quired. Although SWM results were not available for all of 
the data, sets, a test was conducted in which the probe was manually traversed to locate 
the maxima and minima in the standing wave pattern. The levels and locations of the 
extrema were compared to r('sults obtained by applying the MPM analytical model to each 
spacing distribution. 'PIk! agr(!e(nent betw(.'(Mi the two procedures indicated that the MPM, 
which is quite sirni)le and ellicient, is comparable to the SWM. Finally, to demonstrate the 
repeatability of the MPM, a libermetal sample was tested using uniform spacing for three 
runs. As shown in Fig. 9, the data are extreutely rep(?a, table. 

MPM - Mow Many Points Per Half- Wavelength?; 

Another goal of this investigation was to determine the relationship between the num- 
ber of data points and the quality of impedance measurements. The uniform spacing dls- 
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l.ril)u(.ioii (l«'.scril)('(l in Kin. 7 was uscsl lor l.liis si, tidy. As usual, I, In* dal, a. .sol. conlaim'd 
a. tiiiiiimum of six points ptu' cycle (| wavclcngtli), with up to thrt'c cycles included. The 
results of these measurements are represented hy squares in Fig. 10. The second set of 
residts (depicted with circles) was computed using only the six measurements closest to 
the specimen. Finally, two additional sets of residts were computed hy using three (first, 
third and fifth points) and two (first and fourth points) points from the first cycle, depicted 
with triangles and diamonds, respectively. It should be noted that the usage of only two 
tneasurement points reduces tlie algorithm to a deterministic calculation of the impedance, 
similar to the TMM, 

As shown in Fig. I0(a,h), the number of points per cycle does not significantly affect 
the results for samples with RFM’s which are not large. This is a very important observa- 
tion, since it indicates that quite repeatable results can be obtained for a vast majority of 
samples with as few as two properly positioned acoustic pressure measurements per cycle. 

As pnwiously discussed, samples with large R,FM’s are generally compared directly 
on the bttsis of reflection factors. When studied in this manner. Fig. 10(c) further sub- 
stantiates the coticlusion that two points |>er cycle are generally sufficient for accurate 
results. However, there is a slight imi>rovement when additional pressure measurements 
are included. Thus, since each pressure measurement requires a minimal amount of time, 
it is recommended that six points (one cycle total) be used when possible. 


Simulated I'dow Noise Results 

'The final portion of this investigation was to examine one effect of flow noise on the 
measurement process. 'I’o accomplish this goal, a number of measurements were made 
with a. lu'oiidbiind noise source combined with the discrete fretpiency source to simulate 
the noise contamination |)resent with mean flow. The broadband noise source was set 
to a level where differences between 'PMM and Ml’M results a|)peared, which occurred 
at a level such that the ratio of discrete frequency level to overall broadband noise level 
Wits approximately 2 dM. Fig. II shows the broadband noise spectrum at the reference 
microphone with a tyj)ical test frecpiency level superimposed at l.r> kHz. Fig. 11(a) shows 
the combined spectrum for a highly absorbing test material, whereas Fig. 11(b) shows 
the combined s|)ectrum for a highly reflecting lest material. It should be noted that the 
longitudinal resonances of the ifnf)eflance tube tend to accentuate corresponding frequen- 
cies in the broadband excitation, thus generating a immber of spectrum peaks other than 
that associated with the discrete fre<|uency source. 1'his broadband noise produces the 
same effect as observed with low velocity mean flow, i.e. it tends to submerge the test 
frequency spectral line in the broadband noise. In the case of the small RFM material 
(Fig. 1 1 (a.)) the cliscrete fretiuency level was well above the broadband levels (from about 
ir> to 20 (IH, depending on choice of discrete fretpiency), whereas for the large RFM ma- 
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I,(>ri.-il (K'ik. II (I>)) rrcfiiirmifvs corn'.spoiHlinK to Uic rrsoiiancrs worr also prrso.nt, at levels 
of 10 to f/j tU) above the broadband noise. 

'Pile uniform s|)acinR flistribution was again used to acquire data for the three samples 
described in Fig. 7 (materials with typical, small and large H.F M’s), with the usual number 
of points per cych?. Ff>r cofhparison piiri)oses, a reference data set (repre.sented by square 
symbols) was acquired without the broadband noise included. The broadband noise source 
was then activated and the pressure data were acquired with the maximum possible number 
of data points. The results of this data set are de|)icted by the circles in Fig. 12, Two data 
points w<?re then taken from this same data, set (broadband noise source activated) and 
input into the math propagation model (represented by triangles) to compare with results 
frojti multiple data points. These two points were chosen frotn the total data set such that 
they were | wavelength apart. Since the MPM math propagatiofi fnodel reduces to the 
'PMM algorithm with the usage of only two data points, these two-point results represent 
'PMM results under the best possible conditions. By using a single transducer, calibration 
err<jrs have been eliminated. Also, by choositig the spacing of the measurements properly, 
the best possible results from the two-point data should be achieved. The overall effect 
of this procedure is to demonstrate the capabilities of the MPM versus the best available 
with the TMM, 

A ntimber of conclusions can be drawn from the results of Fig. 12(a,b) for materials 
with typical and small PFM’s. The MPM results with the broadband noise fall very 
close to the results obtained without broadband noise. In general, the TMM results (with 
broadband noise) also come reasonably close to the other data. However, the TMM results 
do not match with the ‘clean’ results (discrete frecjuency source only) as well as the MPM 
results. Further tests with the same materials, which are not shown in the figures, indicate 
that the 'I'MM results gradually ap|)roach the MPM results as the number of averages 
is increased (atui hence, as the signal-to-noise ratio is increased). Therefore, for this 
arrangement, the major imi)roveiu(!nt of the MPM over the 'I'MM is the need for fewer 
averages to attain e(|ually consistcuit restilts. 

'I’he results of Fig. 12(c) are for a hard surface (large H.FM). Again, these types of 
mattM'ial ar<* compart'd on tlu? basis of reflection factors. As was noted in the results of 
Fig. I2(a,b), the 'I’MM is not quite as consistent as the MPM, but is not dramatically 
different. 

It is expected that the inclusion of actual mean flow (as opposed to the simulated mean 
How used in this stvidy) will complicate the measurement j>rocess to such a degree that 
the disparity between the MPM and the TMM will be significantly increased. In the usual 
application of 'PMM, fixed microphone locations are employed to avoid the mechanical 
incf)nvenirnce of probe movement. 'Phe need for j)recise calibration can be eliminated by 



inirropliolU' swiUliinn. However, this will not likely produce the same data, cpiality as 
a siuKle probe traversed between two points. On the other hami, il i>robe itiovement is 
available, there is no reason tiot to use at least .‘5 points within the (irst half-wavelength 
to avoid the ill-conditioninn problem. In order to avoid calibration diflic.ulties, TMM data 
can be taken with a single microphone secpientially positioned to two desired locations, 
(/learly, the accuracy of 'PMM results is limited by the capability of precisely determining 
the mean flow velocity, whereas the Mf’M iterative .scheme corrects for possible deficiencies 
it) this measurement. Also, while the re-positioning is occurring, slow drift in the mean 
flow, if present, will likely cause the results of the TMM to be distorted. On the other 
hand, the MPM, which tends to average over oscillations of the mean flow, is designed 
to minimize the adverse effects of the mean flow drift and, hence, should provide a more 
accurate result. It is intended that this premise will be Investigated in future tests. 


CONOLUDINO rp:marks 

An experiment was conducted to comj>are a Multi-Point Method (MPM) for determin- 
ing acoustic impedances with two reliable metliods, the Standing Wave Method (SWM) 
and the 'Pwo Microphone Mcithod (TMM). A significant number of test materials were 
studied to test the MPM over a range of ffP'M’s from O.OOd to 0.090. Acoustic pressures 
along the centerline of the impedance tiibe were measured with three measurement point 
spacing distributions; uniform, random and selective, A least squar(\s fitting method, with 
the tube wall absorption and mean flow inclmled, was used to model the standing wave 
pa(.(.ern. I'Vom this staiuling wave jjattern the complex reflection factor of the test specimen 
was det(Tmined. Some conclusions from this investigation an' presented in the following 
section. 

Standing wave patterns calculated with the propagation model for all three spacing 
distributions w<u<' found to match the measurements with good to excellent agreement 
over th(^ entir<^ HFM range. Manually positione«l acoustic prt'ssure measurements were 
us«'d to show that the MPM is comparable to the SWM. In adflition, a two-point subset 
of uniform spacing data, carefully chosen to avoid spacings near a half-wavelength, was 
input into a 'I'MM algorithm. Acoustic impedances, cornputerl from data for each of 
tin* s|)ac.ing distributions, were then compared with restdts of the 'PMM and SWM. The 
random and selective spacing impedances were found to agree with the 'J'MM and SWM 
with acceptable consistency. The uniform spacing distribution, however, was observed to 
provide extremely consistent results. The uniform spacing impedance data was also shown 
to be very repeatable and, thus, a superior measurement point distribution to be used with 
the MPM. 
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Next, a slmly was coiKluclod t.o dotcrmitic (.lie iiiimlu'r of dala j)oinls necessary to 
properly define the acoustic pressure distribution. Comparisons were made between results 
using '2, (), and IS data points which showed that, in general, only two properly located 

iiK’astirement |)oints are re<|uired for repeatable measurements. However, it was shown 
that the most consisUuit MI’M results are obtaineci by using at least six acoustic, pressure 
riieasiirem<!nts evetdy spac<*d across one half-wavelength. 

Finally, an investigation was conducted to determine the effects of contamination due 
to the turbulent mean flow noise on the M1*M. To simulate this flow noise, a broadband 
noise source was added to the discrete frequency source., A set of data was then acquired 
with the uniform spacing distribution and input into the MPM. In addition, a two-point 
subset of the same data was input into a TMM algorithm. The results from these two 
methods were then compared with a reference set of MPM results obtained with only 
the discrete frequency source activated. The TMM results (with the broadband noise) 
were observed to approach the reference results as the number of averages was increased. 
However, the MPM results were found to converge to the reference results with fewer 
averages. This imlicates that the MPM will be a better choice in the presence of mean 
flow. It also ififlicates that the TMM may be sufficient in the presence of mean flow, if a 
significant number of averages is used, and if the mean flow i.s very stable. 

In conclusion, th(! overall purpose of this investigation, which was to develop and 
c'xplore the potentinr improvements on accuracy, precision, and measurement efflcieiicy 
a.ffor<led by the MPM, has been satisfied. Three acceptable me<asureinent point spacing 
distributions have been demonstrated, but the best appears to be the uniform spacing. 
Sifice the MPM is fast and efficient, especially when used in conjunction with the uniform 
spacing measurement point distribution, it may well be a preferable method for future 
experiments. 
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APPENDIX: NOMENCbATUPE 

Oil ratio of duct area to duct perimeter 

c free space sound speed 

r,, s|)ec,ific heat at constant pressure 

r/ sound speed in tube 

/ fretpicuicy 

f v/ I 

k u;/c, wave tiuml)er in free s|)ace 

M nu-an flow Mach number 

N total nufnber of data points 

/' acoustic pressurj; 

/’,,, measured acoustic pre.ssure with open j)orts 

P, j, measured acoustic, pressure with closed ports 

Rr, Reynolds number 
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1 


X 

(tlTok 

ivxial position in tost section 


absorption coeflicicnt 

/^f 

turhul(Mic(' al)sor|)tion cocflicicnt 

n. 

viscotli('rmal ahsor|)tioti coof[icicnt 

V 

plane wave propaRation constant 

1 

.s(X!cinc Ix'at ratio 

C 

acoustic imi)e(lanc<\ normalized by pc 

K. 

heat conduction coefiicient 

(< 

fluid viscosity 

n 

fluid <lensity 

.0 

coefiicient of friction for turbulent flow 

w 

2nf, aiiRidar fre(|uency 

Subsrriijts 

i 

incident cotJi|)onent 

j 

data point counter, _/ 1,2, '5 A' 

r 

reflected compoinuit 

Abl)r(*vi;it.ioiis 

MI'M 

Multi-l*oinl. Method 

UK 

Hefh'ction Factor 

: 

fb’llection Factor MaRuitiide 

:SIM. 

Sound I’ressure b(wel 

SWM 

StandiiiR Wav<’ Metfiod 

^SWI? 

Sl.aiidiiiR Wave Hatio 

'I'MM 

'I'wo Microphone Method 
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X, normalized 


Figure 1.- Reflection factor determination from continuous plot of standing wave 
(face of specimen at x=0.0). 
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Figure 3.- Schematic of impedance tube apparatus. 
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Figure 4.- Traversing probe sensing port location. 
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Figure 5.- Probe port insertion loss a: 
open and closed- ports loc 
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Figure 7.- Least squares fit of propagation model to discrete SPL's and phases for 
three measurement spacing distributions (2 kHz). 

(a) Typical SWR sample (approximately 10 dB). 
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Figure 8.- Comparison of reflection factors and/or impedances for a variety of 
measurement and analysis methods, (a) Steel plate. 
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Figures.- (d) Fibermetal sheet on honeycomb surface. 

(e) Porous metal plate on honeycomb surface. 
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Figure 8.- (f) Aluminum plate with 4 holes. Figure 9.- Demonstration of repeatability (uniform spacing). 
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Figure 10.- Comparison of MPM results using various amounts of uniform 
spacing data, (a) Typical RFM (ceramic honeycomb). 

(b) Small RFM (foam wedge), (c) Large RFM (steel). 




frequency, kHz 


Figure 11.- Comparison of spectra for discrete frequency (1.5 kHz) with 

superimposed broadband noise, (a) Small RFM test specimen, 
(b) Large RFM test specimen. 
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(a) Typical RFM (ceramic honeycomb), (b) Small RFM (foam wedge), 
(c) Large RFM (steel). 
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